Abstract. 2014 A brief history of the discovery of the Auger effect is given, which is followed by a short description of some of the fields in which this discovery has had a major impact.
Introduction
Pierre Auger was born in Paris in 1899. After his university studies and agregation, he joined, in 1922, the Laboratoire de Chimie Physique, headed by Jean Perrin, to prepare a thesis on the photoelectric effect. A few months later, he published the first description of the phenomenon which now bears his name [1] .
However, thirty years passed until the technology sufficiently advanced to allow this major discovery to be put in use by the scientific communauty. The Auger effect has now proved to be particularly fruitful in many fields like fundamental physics (with the study of atoms, molecules, collision processes...) or fundamental and applied surface science.
In this article, we will first give a brief history of the discovery of the Auger effect. This will be followed by a short description of some of the fields in which this discovery has had a major impact.
The Discovery of the Auger Effect
Following the discovery of the photoelectric effect by Hertz in 1887, X-ray photoelectron spectroscopy developed rapidly. In the early 1920s, the photoelectron spectra of many elements had already been obtained.
At those times, most of the experiments on the photoelectric effect were carried out using magnetic analysis and photographic detection. However, C.TR. Wilson had proposed in 1912 an experimental setting (the cloud chamber) which allowed a direct observation of the photoelectron trajectories [2] . When a chamber filled with air saturated in water is illuminated with an monochromatic X-ray beam, the interaction of a photon hv with a gas molecule induces ioni-.sation. The photon energy is transferred to an electron, called photoelectron (or secondary /3), which is then ejected with a kinetic energy given by:
where hv is the incident photon energy and El the electron binding energy. This electron can in turn, induce further ionisation of the gas molecules along its trajectory. Because ionised molecules favor condensation of water, the trajectory of the photoelectron can be materialized by the appearance of droplets. The length of the trajectory is then a direct measurement of the kinetic energy of the ejected photoelectron.
In 1922, Pierre Auger starts his research activities by constructing, with his friend Francis Perrin, the first Wilson expansion chamber in France. By changing the experimental conditions and filling the chamber with argon, he notices that photoelectron trajectories contain a tiny group of small droplets at the start of each trajectory. In the early twenties, the only process of desexcitation admitted for an ionised atom is X-fluorescence, for which the initial core hole is filled with a shallower level electron of binding energy E2, the energy balance being taken by emission of a secondary photon hv' (see Fig. 1 [ 1 ] Such an interpretation in terms of internal conversion process was analogous to the theory proposed by Ellis [3] and Meitner [4] [4] However, Pierre Auger soon realised that emission of the tertiary {3 electrons was not a consequence of the radiative fluorescence effect, but an alternative non-radiative decay process. For this internal radiationless transition, the initial inner-shell vacancy is filled with a shallower level electron as for fluorescence, but, in this case, the energy balance is removed by direct ejection of a third electron (tertiary 0) from an outer shell [5] : "Le processus de sortie sous forme électromagnétique n'est donc pas nécessaire, et l'énergie libérée par le premier retour électronique peut aussi quitter l'atome sous forme corpusculaire...laissant l'atome ionisé deux fois.
" [5] The kinetic energy EA of the ejected electron is then given by where Ex is the binding energy of an electron in the level 3 in the presence of a hole in the level 1. Following the relaxation process, the atom is left in a double-ionised state with vacancies in levels 2 and 3 (see Fig. 2 ). Finally, in his PhD presentation in 1926 [6] [6] ii) for core states with low-binding energies, the more probable decay mechanism following ionisation is through ejection of an electron. This means that it will be the dominant mechanism for light elements. However, it will also be the preponderant mechanism for shallow levels of heavy elements. This observation allowed Pierre Auger to explain the poor fluorescence yield observed by Holweck in some anticathodes when irradiated with soft X-rays [7] : "D'autre part les niveaux périphériques des atomes lourds se conduisent à peu près de la même manière que les niveaux profonds des corps légers, et leur rendement de fluorescence peut devenir très petit. " [6] iii) the Auger electrons are emitted in all directions (isotropic emission): "La répartition ainsi trouvée indique nettement que l'atome ne garde pas (ou presque pas) de souvenir de la direction des rayons X qui l'ont primitivement ionisé. Il est probable qu'il a eu, pendant sa durée d'existence à l'état excité, le temps de tourner sur lui-même d'une façon plus ou moins compliquée et de ne rien garder de son orientation primitive.
" [6] Thus, fourty years after the discovery of atomic radiative processes, the Rôntgen Rays, the complementary non radiative processes were discovered by Pierre Auger. And it was soon realised that Auger transitions play an important role in all phenomena subsequent to inner-shell ionisation.
A period of slow but continuous development followed the discovery of Pierre Auger. In 1927, Wentzel laid the foundation of the theory of the Auger effect [8] . In the following years, evidence of the occurence of radiationless transitions was provided in many fields. In X-ray spectroscopy, transitions of the Auger type were shown to influence the width of X-ray emission lines, their intensities and the appearance of satellites lines. For instance, Coster and Kronig [9] found that the abnormally weak intensity of lines arising from an Li initial state of ionisation observed for many elements was due to a special type of Auger process in which the final doubly charged ion has one hole in a shell of the same principal quantum number as that of the original ion. In 1935, Howarth reported the presence of Auger peaks in the secondary-electron spectra of electronbombarded targets [10] . The importance of radiationless transitions in auto-ionisation of helium (auto-ionisation) was recognised in 1936 by Kiang et al. [11] . Radiationless Bloch [14] as an alternative to a dipole forbidden X-ray transition. The principle of this radiative Auger effect is shown in Figure 3 . It is a double-electron transition where the filling of an inner-shell vacancy by a less tightly bound electron is accompanied by the simultaneous emission of a photon and excitation of another electron into a bound or continuum level of the atom. The energy balance is then shared between the Auger electron and the emitted photon: Consequently, these transitions give rise to continuous spectral distribution. The interest in the radiative Auger effect has been reniewed in the early seventies, with the observation by Áberg and his coworkers [15] of low-energy structures accompanying ordinary X-ray lines. These authors have shown that the radiative Auger effect can be due to the change in the average potential acting on the electrons in the atom when the inner-shell vacancy moves to an outer-shell (shake-off), and to the interaction between single-and double-hole configurations in the final state (configuration interaction).
3.2 PRODUCTION OF MULTIPLY CHARGED IONS. -The application of the Auger effect in the study of energetic ion-atom collisions has been reniewed by the availability of high-energy accelerators and high-temperature plasmas. In the field of target spectroscopy, neutral atoms are multiply ionised using heavy projectiles in a single collision. However, minimisation of kinematic recoil effects can only be achieved using projectiles of sufficiently high energy. Thus, high-resolution Auger spectroscopy of highly ionised atomic species requires high-energy accelerator facilities. In the field of projectile spectroscopy, specific vacancy states can be produced by using light atoms (e.g. He or H2) as targets. These atoms behave like a "needle" and can excite the inner-shell of the heavy projectile without affecting the outer-shell. In recent years, "needle" ionisation has often been used to produce multiply charged ions.
3.3 ELECTRON CAPTURE BY HIGHLY CHARGED IONS; HOLLOW ATOMES. The study of twoelectron capture by multiply charged ions during slow collisions with few-electron targets affords a direct method of observing electron-electron interaction effects in such collisions. In particular, it has been suggested that the correlated transitions producing autoionizing states involve both energy and angular momentum exchange between the two transferred electrons [16] . [18] that neutralisation of ions on surfaces could also occur through internal dielectronic excitation (IDE). The principle of such a process is illustrated in Figure 4 . When two electrons are captured in high-1} quantum states, they can interact in such a way that one gives birth to an internal vacancy while the other decay to an internal vacant state. [19] , is the simultaneous capture of a free electron and excitation of an ion (see Fig. 5 ). [21] [22] [23] . However, because their number is small in comparison to the secondary and backscattered electrons, it was difficult to discriminate the Auger electrons from the general background. In 1967, Harris markedly improved the signal-to-noise ratio by associating phase-sensitive detection with an electrostatic sector velocity analyser [24] . Following a discussion with Harris, Peria realised that the standard LEED equipments could be used to perform AES work with minor electronic modifications [25] . The next significant technical improvment came in 1969 with the introduction by Palmberg et al. of the cylindrical mirror analyser [26] . Commercial instruments were soon available and Auger electron spectroscopy became the most commonly used experimental technique for the determination of surface chemical composition.
X-ray electron spectroscopy has its origins in the discovery of the photoelectric effect in 1887. However, for much of this early period, it was used to probe the energy level structure of matter and could not compete in accuracy with X-ray absorption and X-ray emission spectroscopies. In the 1950s, several instruments were conceived by Steinhardt and Serfass to perform surface chemical analysis using XPS [27] . But the accurate measurement of atomic electron binding énergies and of shifts in the position of photoelectron and Auger lines has only been made possible with the use of a high-resolution double focusing electron analyser as proposed by Siegbahn and coworkers during the period [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [28] . The acronym ESGA (electron spectroscopy for chemical analysis) was given to the technique to point out that both photoelectrons and Auger electrons were observed in the "XPS" spectra. As for AES, commercial instruments in ultrahigh vacuum environment became available in the early 1970s, leading to an increasing use of XPS as a surface technique.
The sampling depth of any electron spectroscopy is determined by the inelastic scattering of the emitted electrons. For electrons in the energy range 30 -2000 eV, the inelastic mean free path, which is inversely proportional to the inelastic scattering cross section, varies from about 1 nm to 5 nm for most materials [29, 30] . Because all materials (with the exception of hydrogen and helium) can give rise to Auger or photoelectrons in this energy range, both AES and XPS can achieve surface sensitivity and are still now dominating the field of surface science, especially for probing the electronic properties of surface and for determining the elementary composition. [38] .
As soon as electron-excited Auger electron spectroscopy (AES) was associated with LEED studies, as suggested by Weber and Peria [25] , it was realised that many "clean" metallic surfaces were in fact covered by a monolayer of segregated impurities. This was indeed the first direct observation of the surface segregation effect theoretically predicted by Gibbs in 1875 [39] . Since that period and because of its unique high data acquisition rate capabilities, AES has been predominantly utilised to carry out segregation experiments.
It is often desirable to obtain the variation of chemical composition in the direction perpendicular to the surface. Such an in-depth distribution analysis is usually achieved by using AES or XPS in conjunction with ion sputtering to erode the surface specimen. The most difficult task in such an experiment is to convert the sputtering profile experimentally monitored (i.e. Auger signal as a function of sputtering time) in terms of original concentration profile. This requires a quantification of the signal intensity and the depth scale as well as a precise knowledge of the depth resolution function, as discussed by Hofmann [40] . 
